Marine Chemistry Control System by Weisenburger, Natalie et al.
 Marine Chemistry Control System 
by: 
Julio Sierra 
Kat Turk 
Natalie Weisenburger 
 
 
Biomedical Engineering Department 
California Polytechnic State University 
San Luis Obispo 
June 2019  
  
 
Statement of Disclaimer  
Since this project is a result of a class assignment, it has been graded and accepted as fulfillment of the 
course requirements. Acceptance does not imply technical accuracy or reliability. Any use of information 
in this report is done at the risk of the user. These risks may include catastrophic failure of the device or 
infringement of patent or copyright laws. California Polytechnic State University at San Luis Obispo and 
its staff cannot be held liable for any use or misuse of the project.  
 Table of Contents 
1.0​        ​Executive Summary 
2.0​        ​Introduction and Background 
3.0​        ​Customer Requirements and Design Specifications 
3.1​         ​IFU 
3.2​         ​Product Design Specifications 
3.3​         ​House of Quality 
4.0​        ​Stage Gate Process 
4.1​         ​Concept Review 
4.2​         ​Design Freeze 
4.3​         ​Design Review 
5.0​        ​Description of Final Prototype Design 
5.1​         ​Overview 
5.2​         ​Design Justification 
5.3​         ​Analysis 
5.4​         ​Cost Breakdown 
5.5​         ​Safety Considerations 
6.0​        ​Prototype Development 
6.1​         ​Model Analyses 
6.2​         ​Evolution of Prototypes 
6.3​         ​Manufacturing Process 
6.4​         ​Divergence Between Final Design and Final Functional Prototype 
7.0​        ​IQ/OQ/PQ 
7.1​        ​IQ 
7.2     OQ 
7.3     PQ 
7.4​         ​Verification and Validation 
8.0​        ​Conclusions and Recommendations 
8.1​        ​Conclusions 
8.2​         ​Recommendations 
9.0​        ​Acknowledgments 
10.0 Appendices 
10.1 Appendix A: References 
10.2 Appendix B: Project Plan (PERT Chart) 
10.3 Appendix C: CAD Drawings 
10.4 Appendix D: FMEA, Hazard & Risk Assessment 
10.5 Appendix E: Pugh Chart 
10.6 Appendix F: Vendor Information, Specifications, and Data Sheets 
10.7 Appendix G: Budget 
10.8 Appendix H: DHF 
10.10 Appendix I: Piping and Instrumentation Diagram Specifications 
10.11​    ​  Appendix J: Dr. Bockmon’s Manual  
  
1. Executive Summary  
This document provides a comprehensive summary of the documentation and progress of the 
Marine Chemistry Control System. The documentation includes the beginning customer 
requirements and related engineering metrics, potential concepts to move forward with, 
prototype development, project management, and hazard and risk assessments.  
 
2. Introduction and Background  
The marine environment is changing as a result of increasing atmospheric carbon dioxide. As 
carbon dioxide levels in the atmosphere rise, the ocean becomes more acidic through a series of 
chemical reactions which produce hydrogen ions. Equation 1 displays the dissolution of CO​2​ in 
seawater and the resulting reactions that occur that lead to the acidification of the ocean and 
the decrease of carbonate in the ocean. 
 
 O COC 2 (g) ↔  2 (aq)  
O  H O H  HCOC 2 (aq) +  2 ↔  
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Equation 1 
 
Doctor Emily Bockmon is a chemistry professor at California Polytechnic State University San 
Luis Obispo. She is conducting research on the effects of falling ocean pH on different plankton 
populations. Plankton represent the bottom of the food chain in the ocean. If plankton are 
severely affected, the results will be wide-spread throughout the marine ecosystem.  
In order to conduct research Doctor Bockmon has commissioned the design and production of a 
system to control the pH of her research tanks. The system must continuously monitor and 
correct the pH of the research tanks in order to provide meaningful results for the studies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
3. Customer Requirements and Design Specifications  
3.1. Indications for Use 
The aim of this project is to design a control system that manipulates different variables 
of ocean chemistry including pH, temperature, DO, N​2​, and CO​2​ content for research by 
ocean chemists of marine species and their environments in 2, 5 gallon tanks.  
 
3.2. Product Design Specifications  
Table 1. ​Frozen​ ​Product Specifications Matrix  
Customer 
Requirements Engineering Metric Specification Rationale Testing 
CO​2​ control 2005 umol/kg 
Honeywell 
UDA2182 Control of CO​2​ ​content Honeywell UDA218 
pH monitoring 
and control 7.4-8.3 pH/°C  
Honeywell 
UDA2182 Control of pH 
Honeywell 
UDA2182 
O​2​ monitoring 0-100% saturation 
Atlas Scientific DO 
Sensor Control of O​2​ ​content 
Atlas Scientific DO 
Sensor 
Temperature 
monitoring     16-21°C 
Temperature 
probe 
Monitor of 
temperature Temperature Probe 
Environmental 
Resistance 
 
 Water 
Resistance 
 
 
    NEMA 2 
 
Resides in wet lab Water Spray 
Control two 
tanks 
2 inputs and 2 
outputs 2 sensors Two Tanks 
Sensor receives two 
inputs 
 
 
 
 
 
 
 
 
 
 
  
3.3. House of Quality  
 
   Figure 1. ​House of Quality Diagram  
 
4. Stage Gate Processes 
4.1. Concept Review 
 
Figure 2. ​Proposed Concept 1 
  
Figure 3. ​Proposed Concept 2 
 
              
             Figure 4. ​Proposed Concept 3 
 
4.2. Design Freeze 
CO​2​ and compressed air mix and are added to the tank through a solenoid valve 
controlled by the arduino. The arduino receives data from the Honeywell UDA sensor 
which monitors pH using the durafet pH probe. Temperature is controlled with an 
incubator. The diagram shows one half of the design, as the full design will include two 
tanks (Figure 5). This is the third concept from our concept review. 
 
Figure 5. ​Design Freeze Diagram 
 
 4.3. Design Review  
We changed a few things moving forward from our design freeze. We will be monitoring 
O​2​ using an Atlas scientific dissolved oxygen probe. Using the assumption that sea water 
left to rest for several hours has 100% (saturated) O​2​, we will control the O​2​ only by 
decreasing its concentration from the assumed 100% using nitrogen . We will also 
record temperature using a separate temperature probe routed to the arduino. 
Compressed air is no longer a part of the design as the CO​2​ flow was dramatically 
decreased. Finally, we are using a program on the computer (Gobetwino) to save the 
arduino output as a text file to be analyzed as a part of the research this project is 
intended for.  
 
5. Description of Final Prototype Design  
5.1. Overview 
The design of our final prototype includes the two tanks, the control system, the gases, 
the two sensors (Honeywell UDA2182 and Atlas Scientific DO Sensor), and finally the 
three probes (Durafet pH probe, Atlas Scientific DO probe, and the temperature probe). 
Figure 6 displays the final design of our prototype in the incubator system, while figure 7 
displays the final design of our prototype as a piping and instrumentation diagram. The 
specifications associated with the piping and instrumentation diagram can be found in 
appendix I.  
 
 
Figure 6. ​The final design in the incubator in the lab in Fisher Science.  
 
 The control system includes an arduino nano that receives a voltage signal from the  
various sensors and then converts those signals to pH, DO, and temperature. Then,  
based off the reading of pH and DO content, the arduino actuates a solenoid valve to  
allow the passage of either CO​2​ or N​2​ to affect change on the pH or DO content  
respectively. The solenoids are connected to the arduino through a relay switch which  
allows the arduino, which has an output of 5 volts, to actuate the 12 volt solenoids.  
 
The solenoids allow passage of CO​2​ or N​2  ​to enter the research tank. The gasses are  
diffused into the water using an aquarium stone. This allows for more effect for every  
gas addition.  
 
Figure 7. ​Piping and Instrumentation Diagram for Final Design 
 
5.2. Design Justification 
This design is very simple, and was a compilation of the simplest routes through each 
obstacle. Solenoids were an obvious choice for the addition of the gasses as they are 
easily actuated using simple electronics. Using an arduino was the simplest solution for 
the controller. The arduino IDE is very user friendly and intuitive to use. Overall, the 
system functions sufficiently and is not overly large. The dimension constraints were 
generous for this project, and we made a system which fits inside a 1 square foot area of 
bench space as well as using the interior of an incubator to house the research tanks.  
 
 
  
5.3.  ​Analysis 
Figure 8. ​Results from the first long-term test of the functional prototype. The pH was  
controlled with a standard deviation of 0.03 pH units. 
 
 
Figure 9. ​The most recent test for pH control. The pH was controlled with a standard  
deviation of .008 pH units. 
 
5.4. Cost Breakdown 
Solenoid Valve (4): $40 
Relay Board: $10 
DO Probe: $200  (Dr. Bockmon) 
Temperature Probe (5): $12  
Tube Connectors: $20 
Durafet pH probe: $400 (Dr. Bockmon) 
 Resistors: $5 
Wire: $9 
Arduino: $10 
Total: ​ $710 
Total Cost to US: ​$110 
 
5.5. Safety Considerations  
5.5.1. Electrical  
5.5.1.1. Wall Sockets 
Proper precaution is being taken by all team members and customers to 
avoid injury with relation to parts of the device powered by wall 
sockets.  
5.5.1.2. Circuit and other connected components  
All electrical components are unplugged or properly grounded before 
being handled. 
5.5.2. Chemistry  
5.5.2.1. Chemistry Department Training  
All team members participated in the chemistry department training to 
receive certification to work in the laboratory with Dr. Bockmon.  
5.5.2.2. Compressed Gas 
Compressed gas cylinders are not to be moved or handled without 
proper supervision by sponsor or qualified personnel from the 
chemistry department.  
5.5.2.3. Mercury 
Some of the sea water used in Dr. Bockmon’s laboratory has been 
poisoned with mercury to prevent growth of any life forms. This 
seawater must be handled with gloves and goggles. Hands must be 
washed before leaving the lab. All this water must be disposed of in the 
hazardous waste drum inside the lab.  
 
6. Prototype Development  
6.1. Model Analyses 
6.1.1. Carbon Dioxide Testing 
Carbon dioxide testing was carried out to assess the effect of the gas on the pH 
of seawater. CO​2​ is highly reactive with sea water and the pH changes rapidly 
with small amounts of the gas. The pressure within the CO​2​ line will be made as 
low as possible, so that a small actuation time of the solenoid valve will be 
sufficient enough for fine control of the pH. 
 Figure 10. ​A. Bubbled Carbon Dioxide through Aquarium Stone into 5-  
              gallon bucket. B. Compressed Carbon Dioxide Cylinder with Carbon  
              Dioxide Regulator. 
6.1.2. Arduino Proof of Concept  
The arduino system will control the addition of CO​2​ in response to changes in 
the pH as well as the addition of N​2​ for affecting both the DO content and the 
pH. This proof of concept shows that a varying input to the arduino system 
produces a different output. In the final design, printing to the serial monitor 
will be replaced by control of a solenoid valve. The input will be received from 
the Honeywell sensor unit.  
              Figure 11.​ Arduino Code for pH Feedback.  
 
6.2. Evolution of Prototypes  
6.2.1. First Prototype 
The first prototype built was for preliminary testing of the effects of CO​2​ on pH. 
This prototype was comprised of a carbon dioxide cylinder and regulator that 
ran CO​2​ through plastic tubing and then through an aquarium stone into a 5 
gallon bucket with 2 gallons of seawater. The Honeywell Sensor probe was held 
 by a set of ring stands, mimicking a mechanical arm, and placed into the 
seawater. Additionally, for the software aspect of the control system, the 
arduino system received a varying input that then produces a different output. 
6.2.2. Second Prototype 
The second prototype built implemented the aspect of N​2​ as well as the 
monitoring of temperature. N​2​ affects both the pH and DO content in the 
seawater and has been set accordingly to enter the system if either the pH is too 
low or the DO is too high. The temperature is being monitored using a Diymore 
DS18B20 temperature probe.  
 
6.3. Manufacturing Process 
6.3.1. Assemble Circuit Elements  
6.3.1.1. Route output current from Honeywell to Arduino through resistor in 
parallel 
6.3.1.2. Route arduino 5V and GND to 5V and GND on relay 
6.3.1.3. Route digital output from Arduino to IN1 and IN2 on relay channels 1 
and 2 
6.3.1.4. Connect 12V source to com pins on relay 
6.3.1.5. Connect positive lead of solenoids to NO pin on relay channels 1 and 2 
6.3.1.6. Connect negative leads of source and solenoids 
6.3.2. Assemble Code  
6.3.2.1. Loop to activate solenoid with threshold pH .01 above set point 
6.3.2.2. Loop to activate solenoid with threshold DO .01 mg/L above set point 
6.3.2.3. Display pH on serial monitor every minute 
6.3.3. Create Gobetwino File to Access Data as a Text File 
6.3.3.1. Download Gobetwino 
6.3.3.2. Insert Gobetwino code into Arduino code 
6.3.3.3. Create Text File folder on computer 
6.3.3.4. Edit Gobetwino to add different attributes (i.e. date, ‘pH =’) 
6.3.4. Assemble Gas Elements  
6.3.4.1. Connect flow meter to output of CO2 regulator  
6.3.4.2. Connect output of flowmeter to input of solenoid valve with push 
connector 
6.3.4.3. Connect Nitrogen gas to solenoid using push connector 
6.3.4.4. Connect output of solenoids to tubing with aquarium stone on end 
6.3.4.5. Place aquarium stones in water, resting on the base of the tank 
 
6.4. Divergence Between Final Design and Final Functional Prototype 
6.4.1. The final design includes two tanks with a full sensor suite for each tank. Due to 
a backorder on the Atlas Scientific and Durafet probes we were unable to 
assemble the full two tank system in time for the end of this course. However, 
all connections are clearly marked and described in the user manual that the 
 customer received. There were no other deviations from the functional 
prototype to the final design.  
 
7. IQ/OQ/PQ 
7.1. IQ 
7.1.1. Bill of Materials 
Table 2. ​Bill of Materials Matrix 
Device Name Quantity   Source Procurement Type Revision  
Honeywell Sensor 
UDA2182 
2 Dr. Bockmon OTS A 
Durafet Probe 2 Dr. Bockmon OTS A 
Arduino Nano 1 Amazon OTS B 
Arduino Mega 1 IME 156 Lab MTS A 
Protoboard 1 Amazon OTS C 
Relay Board 1 Amazon OTS B 
Aquarium Stone 4 Dr. Bockmon OTS A 
TankOC 2  1 Dr. Bockmon OTS A 
RegulatorOC 2  1 Dr. Bockmon  OTS A 
TankN 2  1 Dr. Bockmon OTS B 
RegulatorN 2  1 Dr. Bockmon OTS B 
Resistor (250 Ohms) 2 Dr. Bockmon OTS A 
Resistor 4.7k Ohms) 6 Dr. Bockmon OTS B 
Flowmeter 1 Chemistry Shop  OTS B 
Solenoid Valve 4 Amazon OTS A 
DO Sensor 2 Atlas Scientific OTS B 
DO Probe 2 Atlas Scientific OTS B 
Wire 1 (spool) Amazon OTS A 
Plastic Tubing 30 feet Dr. Bockmon OTS A 
Y-connector 1 Dr. Bockmon OTS B 
 Push Connector 8 Dr. Bockmon OTS B 
Misc. Connectors 4 Dr. Bockmon OTS B 
Incubator 1 Dr. Bockmon MTS A 
Air pump 2 Dr. Bockmon OTS B 
Temperature Probe 2 Amazon OTS B 
SD Shield 1 Amazon OTS  C 
SD Card (2GB) 1 Amazon OTS  C 
USB 2.0 A/B 1 Dr. Bockmon OTS B 
Breadboard 1 Amazon OTS A 
12V Power Source 1 IME 156 Lab OTS A 
Ring Stand 4 Dr. Bockmon  OTS A 
 
7.2. Operations Qualifications  
7.2.1. Test Protocols 
Complete MPI 
Start with 3 hour in lab test 
All students are present for the duration of testing. 
8-12 hour test 
Leave system running through evening 
Run statistical analysis on text file output to find variance and overshoot  
Issues 
72 hour and week long tests 
Leave system running 
Run statistical analysis on text file output to find variance and overshoot  
Issues 
Water Resistance Testing 
Assemble 3D printed box with paper towels on the inside 
Splash box with water 
Determine saturation of paper towel  
 
7.3. Performance Qualification  
7.3.1. Design of Experiments  
  Table 3. ​Design of Experiments Matrix 
Engineering 
Metric 
Specification Test 
Method 
Test Apparatus 
Location 
Apparatus 
Experience/Training  
Sample Size 
7.4-8.3 
pH/​°​C 
pH control Honeywell 
UDA 2182 
Building 52 Honeywell Manual 
Chemistry 
Department Safety 
Training 
20 
0-100% 
saturation 
O​2 ​control Atlas 
Scientific 
DO Sensor 
Building 52 Atlas Scientific 
Manual 
Chemistry 
Department Safety 
Training 
10 
16-21°C Temperature 
Monitoring 
Temperatur
e probe 
Building 52 Probe data sheet, 
Arduino code 
10 
Water 
Resistance 
Environment
al 
Resistance 
Water Drip 
Testing 
Building 52 N/A 3 
2 Input 2 
Output 
2 Sensors, 2 
controllers 
Honeywell 
UDA 2182 
Building 52 Honeywell Manual 
Chemistry 
Department Safety 
Training 
1 
 
7.4. Verification and Validation 
7.4.1. pH Validation 
7.4.1.1.  We performed two different validation tests for the pH. One was to 
calibrate the Honeywell UDA2182 sensor by running a sample of the 
seawater through a spectrophotometer. We also used litmus paper in 
order to further compare the pH of the seawater to the reading on the 
Honeywell. 
 
 Figure 12.​ pH Validation. (A) Spectrophotometer results. (B) Honeywell 
UDA 2182 display screen. (C) Litmus paper test  
7.4.2. DO Validation 
7.4.2.1.  From the Atlas Scientific DO Sensor Data Sheet and based off 
information from Dr. Bockmon, seawater when exposed to air for long 
periods of time can be assumed to be at 100% saturation O2. The Atlas 
Scientific sensor data sheet states that at 100% saturation the sensor 
will read values from 9.09- 9.1X. We read 9.12 (Figure 11). 
 
 
Figure 13. ​DO Validation. Seawater was exposed to air and is assume to 
be at 100% saturation, meaning a reading of 9.1X (we received a reading 
of 9.12).  
7.4.3. Test Data 
7.4.3.1.  We have run multiple long-term tests. This test was approximately 50 
hours long. The data above displays the fluctuation in pH over that time. 
Our setpoint for pH was 7.60. The average pH was 7.60 with a standard 
deviation of .029. We have been working on achieving finer tuning of pH 
by altering the pressure of CO2. (See figure 7.) 
 
8. Conclusions and Recommendations 
8.1. Conclusions 
8.1.1. The system is mostly functional. It controls pH within a standard deviation of 
.03. This is slightly larger than the window specified by the customer. Dissolved 
oxygen is mostly controlled, though issues with the sensor made it difficult to 
realize the extent of control. Overall, the system needs further fine tuning. 
There is not sufficient time remaining in the project to accomplish this.  
 
8.2. Recommendations 
8.2.1. Drift  
8.2.1.1. There have been some instances of drift in the measurements. Though 
we believe this to be an issue caused in the serial communication, we 
had difficulty pinpointing it. Further testing of output currents and 
 voltages from the sensors, resistances and calibration should take place 
in order to fix these issues.  
8.2.2. Control  
8.2.2.1. More research needs to be done on the interaction of nitrogen and 
carbon dioxide. We implemented nitrogen in the system to control 
dissolved oxygen and found it difficult to keep both variables controlled. 
Nitrogen removes the carbon dioxide rather rapidly, and oxygen 
chemistry in the water is much more volatile than the carbon dioxide. 
Adding carbon dioxide in addition to nitrogen helped with this issue 
though again, more fine tuning is necessary.  
8.2.3. Temperature  
8.2.3.1. A new temperature probe would be beneficial. The margin of error on 
the one we used is rather large.  
8.2.4. Code  
8.2.4.1. The timed if loops are effective but not the most eloquent way of 
dealing with this issue. Using a more constant control may be more 
effective.  
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 10.2.  ​Appendix B: Project Plan (PERT Chart) 
10.2.1. Winter Quarter Pert Chart 
 
Figure 14. ​Winter Quarter PERT Chart diagram  
 
Table 4. ​ PERT Chart key 
1 Concept Review Presentation 6 Preliminary Prototype Build 
2 CO2 Chemistry Testing 7 Preliminary Prototype Testing 
3 Conceptual Prototype Build 8 Design Freeze Presentation 
4 Conceptual Prototype Testing 9 Preliminary Prototype Presentation 
5 Refine Arduino Code  
 
10.2.2. Spring Quarter Pert Chart 
 
Figure 15. ​Spring Quarter PERT Chart Diagram 
 Table 5. ​ PERT Chart key 
1 Implement Nitrogen Gas 8 Design Final Enclosure 
2 Implement Temperature Probe 9 Purchase Materials for Second Half of 
System 
3 Test Alpha Prototype (3-8 hrs) 10 Test Alpha Prototype (24-72 hrs) 
4 Troubleshoot Code and prepare design 
for long tests 
11 Preliminary Functional Prototype 
Presentations 
5 Final Test and Manufacturing Plan 
Presentation 
12 Test Second Half of Design 
6 Status Update Memo 13 Final Design and Prototype Presentations 
7 Test Alpha Prototype (8-24 hrs) 14 Project Expo and Final Report 
 
10.3. CAD Drawings  
 
 
 
Figure 16.​ CAD drawings and dimensions of enclosure 
 
 
 
 
 10.4. Appendix D: FMEA, Hazard & Risk Assessment 
10.4.1. FMEA Table 
Table 6. ​FMEA Matrix  
 
 
10.4.2. Hazard and Risk Assessment  
Table 7. ​Hazard and Risk Assessment Checklist 
Y/N Checklist 
N 1. Will any part of the design create hazardous revolving, reciprocating, running, 
shearing, punching, pressing, squeezing, drawing, cutting, rolling, mixing or similar 
action, including pinch points and sheer points? 
N 2. Can any part of the design undergo high accelerations/decelerations? 
N 3. Will the system have any large moving masses or large forces? 
N 4. Will the system produce a projectile? 
N 5. Would it be possible for the system to fall under gravity creating injury? 
N 6. Will a user be exposed to overhanging weights as part of the design? 
N 7. Will the system have any sharp edges? 
N 8. Will any part of the electrical systems not be grounded? 
N 9. Will there be any large batteries or electrical voltage in the system above 40 V? 
 Y 10. Will there be any stored energy in the system such as batteries, flywheels, hanging 
weights or pressurized fluids? 
N 11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of the 
system? 
N 12. Will the user of the design be required to exert any abnormal effort or physical posture 
during the use of the design? 
Y 13. Will there be any materials known to be hazardous to humans involved in either the 
design or the manufacturing of the design? 
N 14. Can the system generate high levels of noise? 
Y 15. Will the device/system be exposed to extreme environmental conditions such as fog, 
humidity, cold, high temperatures, etc? 
N 16. Is it possible for the system to be used in an unsafe manner? 
N 17. Will there be any other potential hazards not listed above? If yes, please explain on 
reverse. 
 
Table 8. ​Hazard and Risk Assessment Mitigation Table  
Description of Hazard Planned Corrective Action Planned Date Actual 
Any stored energy in the system such as 
batteries, flywheels, hanging weights or 
pressurized fluids? 
Properly handle and enclose 
the battery. Do not handle 
compressed gas without 
proper supervision.  
3/6 3/9 
Will there be any materials known to be 
hazardous to humans involved in either 
the design or the manufacturing of the 
design? 
Soldering – use correct 
practices  3/13 3/13 
Will the device/system be exposed to 
extreme environmental conditions such as 
fog, humidity, cold, high temperatures, 
etc? 
Proper enclosure 3/13 4/22 
 
 
 
 
 
 
 
 
 
 10.5. Appendix E: Pugh Chart 
  Table 9. Pugh Chart 
 
 
10.6. Appendix F: Vendor Information, Specifications, and Data Sheets 
● Solenoid valve - US Solids, company that manufactures valves 
Specifications: 
Pipe Size:​ 1/4" (2.5 mm) flow aperture  
Body Material:​ Nylon engineering plastic  
Gasket / Diaphragm / Seal:​ NBR  
Operation Type:​ Direct Lift Valve  
Operation Mode:​ Normally Closed  
Electric Current:​ Direct  
Voltage:​ 12 volts  
Voltage range:​ + or – 10%  
Power rating:​ 4.8 Watts  
Operational pressure range:​ Air, Water, Gases: 0 to 101 PSI; Oil: 0 to 72 PSI  
Flow capacity:​ 0.23 gallons per minute (GPM) of water at 60F with a pressure drop of 
1 PSI  
Flow value: ​0.23 Cv  
Temperature, Minimum:​ 23 degrees Fahrenheit (-5 degrees Celsius)  
Temperature, Maximum:​ 176 degrees Fahrenheit (80 degrees Celsius)  
Manufactured in China by U.S. Solid.  
Model:​ USS2-00005. 
● O​2​ sensor - Atlas Scientific, world leader in laboratory sensors 
Specifications: 
Reads: ​Dissolved Oxygen 
Range:​ 0 − 100 mg/L 
Accuracy: ​+/– 0.05 mg/L 
 Response time: ​~0.3 mg/L/per sec 
Max pressure: ​3,447 kPa (500PSI) 
Max depth: ​343 meters (1,125 ft) 
Temperature range °C: ​1 − 50 °C 
Cable length: ​1 meter  
Internal temperature sensor: ​No 
Time before recalibration: ​~1 Year 
Life expectancy: ​5 Years + 
Maintenance: ​~18 Months 
● Arduino Nano 
Specifications: 
   ​ Microcontroller: ​ATmega328 
   ​ Operating Voltage (logic level): ​5 V 
   ​  Input Voltage (recommended): ​7-12 V 
    ​Input Voltage (limits): ​6-20 V 
  ​  Digital I/O Pins: ​14 (of which 6 provide PWM output) 
    ​Analog Input Pins:​ 8 
    ​DC Current per I/O Pin:​ 40 mA 
  ​  Flash Memory:​ 32 KB (ATmega328) of which 2 KB used by bootloader 
    ​SRAM: ​2 KB (ATmega328) 
    ​EEPROM: ​1 KB (ATmega328) 
    ​Clock Speed:​ 16 MHz 
   ​ Dimensions:​ 0.73" x 1.70" 
 
10.7. Appendix G: Budget 
● Coding Software (arduino library; free) 
● Compressed air (lab table; free) 
● CO​2 ​and O​2​ tanks (provided by COSAM; free) 
● Tubing for gas (in lab; free) 
● Aquarium stone (in lab; free) 
● O​2 ​Sensor (~$180, given to us, so no cost to us) 
● Resistors and breadboard ($5) 
● Solenoid valve ($40) 
● Relay Board ($20) 
● Temperature Probes (5 for $12) 
● Wire ($9) 
● Arduino ($10) 
● Tube Connectors ($20) 
                 The budget comes out to a total of ~$120 
 
 
 
 
 
 10.8. Appendix H: DHF 
10.8.1. Product Specification  
Table 10. ​Product Specifications Matrix  
Customer 
Requirements Engineering Metric Specification Rationale Testing 
CO​2​ control 2005 umol/kg 
Honeywell 
UDA2182 Control of CO​2​ ​content Honeywell UDA218 
pH monitoring 
and control 7.4-8.3 pH/°C  
Honeywell 
UDA2182 Control of pH 
Honeywell 
UDA2182 
O​2​ monitoring 0-100% saturation 
Atlas Scientific DO 
Sensor Control of O​2​ ​content 
Atlas Scientific DO 
Sensor 
Temperature 
monitoring 16-21°C 
Temperature 
probe 
Monitor of 
temperature Temperature Probe 
Environmental 
Resistance 
 
Water Resistance 
 
 
NEMA 2 
 
Resides in wet lab Water Spray 
Control two 
tanks 
2 inputs and 2 
outputs 2 sensors Two Tanks 
Sensor receives two 
inputs 
 
10.8.2. Device History Record  
Table 11. ​Device History Record 
MPI Step(s) Deviations from the MPI Completed by Signature Date 
1,2 
Loop to activate 
solenoid .05 above 
setpoint for pH 
Kat Turk 
 
3/15/19 
3 
Ended up not using 
Gobetwino because it 
added a drift 
component, using an 
SD card/shield 
instead 
Julio Sierra 
 
5/22/19 
 4 Flowmeter not connected 
Natalie 
Weisenburger  3/15/19 
 
10.8.3. Manufacturing Process Instructions (MPI)  
10.8.3.1. Assemble Circuit Elements  
10.8.3.1.1. Route output current from Honeywell to Arduino through 
resistor in parallel 
10.8.3.1.2. Route arduino 5V and GND to 5V and GND on relay 
10.8.3.1.3. Route digital output from Arduino to IN1 and IN2 on relay 
channels 1 and 2 
10.8.3.1.4. Connect 12V source to com pins on relay 
10.8.3.1.5. Connect positive lead of solenoids to NO pin on relay channels 1 
and 2 
10.8.3.1.6. Connect negative leads of source and solenoids 
10.8.3.2. Assemble Code  
10.8.3.2.1. Loop to activate solenoid with threshold pH .01 above set point 
10.8.3.2.2. Loop to activate solenoid with threshold DO .01 mg/L above set 
point 
10.8.3.2.3. Display pH on serial monitor every minute 
10.8.3.3. Create Gobetwino File to Access Data as a Text File 
10.8.3.3.1. Download Gobetwino 
10.8.3.3.2. Insert Gobetwino code into Arduino code 
10.8.3.3.3. Create Text File folder on computer 
10.8.3.3.4. Edit Gobetwino to add different attributes (i.e. date, ‘pH =’) 
10.8.3.4. Assemble Gas Elements  
10.8.3.4.1. Connect flow meter to output of CO2 regulator  
10.8.3.4.2. Connect output of flowmeter to input of solenoid valve with 
push connector 
10.8.3.4.3. Connect Nitrogen gas to solenoid using push connector 
10.8.3.4.4. Connect output of solenoids to tubing with aquarium stone on 
end 
10.8.3.4.5. Place aquarium stones in water, resting on the base of the tank 
10.8.4. Installation Qualification 
Most materials are provided by Dr. Bockmon through the chemistry 
department. This ensures that they are safe to use in the laboratory. 
Specifications for solenoid valve, O​2​ sensor and arduino are listed below.  
● Solenoid valve - US Solids, company that manufactures valves 
Specifications: 
Pipe Size:​ 1/4" (2.5 mm) flow aperture  
Body Material:​ Nylon engineering plastic  
Gasket / Diaphragm / Seal:​ NBR  
 Operation Type:​ Direct Lift Valve  
Operation Mode:​ Normally Closed  
Electric Current:​ Direct  
Voltage:​ 12 volts  
Voltage range:​ + or – 10%  
Power rating:​ 4.8 Watts  
Operational pressure range:​ Air, Water, Gases: 0 to 101 PSI; Oil: 0 to 72 PSI  
Flow capacity:​ 0.23 gallons per minute (GPM) of water at 60F with a pressure drop of 
1 PSI  
Flow value: ​0.23 Cv  
Temperature, Minimum:​ 23 degrees Fahrenheit (-5 degrees Celsius)  
Temperature, Maximum:​ 176 degrees Fahrenheit (80 degrees Celsius)  
Manufactured in China by U.S. Solid.  
Model:​ USS2-00005. 
● O​2​ sensor - Atlas Scientific, world leader in laboratory sensors 
Specifications: 
Reads: ​Dissolved Oxygen 
Range:​ 0 − 100 mg/L 
Accuracy: ​+/– 0.05 mg/L 
Response time: ​~0.3 mg/L/per sec 
Max pressure: ​3,447 kPa (500PSI) 
Max depth: ​343 meters (1,125 ft) 
Temperature range °C: ​1 − 50 °C 
Cable length: ​1 meter  
Internal temperature sensor: ​No 
Time before recalibration: ​~1 Year 
Life expectancy: ​5 Years + 
Maintenance: ​~18 Months 
● Arduino Nano 
Specifications: 
   ​ Microcontroller: ​ATmega328 
   ​ Operating Voltage (logic level): ​5 V 
   ​  Input Voltage (recommended): ​7-12 V 
    ​Input Voltage (limits): ​6-20 V 
  ​  Digital I/O Pins: ​14 (of which 6 provide PWM output) 
    ​Analog Input Pins:​ 8 
    ​DC Current per I/O Pin:​ 40 mA 
  ​  Flash Memory:​ 32 KB (ATmega328) of which 2 KB used by bootloader 
    ​SRAM: ​2 KB (ATmega328) 
    ​EEPROM: ​1 KB (ATmega328) 
    ​Clock Speed:​ 16 MHz 
   ​ Dimensions:​ 0.73" x 1.70" 
 
 
 
 
 10.8.5. Operation Qualification 
Table 12. ​Design of Experiments Matrix 
Engineering 
Metric 
Specification Test Method Test 
Apparatus 
Location 
Apparatus 
Experience/Training  
Sample 
Size 
 
Power 
2005 
umol/kg 
CO​2​ control Solenoid Valve Building 52 Honeywell Manual 
Chemistry Department 
Safety Training 
10 60% 
7.4-8.1 
pH/°C 
pH control Honeywell 
UDA 2182 
Building 52 Honeywell Manual 
Chemistry Department 
Safety Training 
20 80% 
80-240 
µmol/kg 
O​2 ​control Honeywell 
UDA 2182 
Building 52 Honeywell Manual 
Chemistry Department 
Safety Training 
10 50% 
Water 
Resistance 
Environmenta
l Resistance 
Water Jet 
Testing 
Building 52 N/A 1 38% 
2 Input 2 
Output 
2 Sensors, 2 
controllers 
Honeywell 
UDA 2182 
Building 52 Honeywell Manual 
Chemistry Department 
Safety Training 
3 56% 
 
10.8.6. Bill of Materials 
Honeywell Sensor UDA2182 
Durafet Probe 
Arduino Nano 
Protoboard 
Relay Board 
Aquarium Stone (4) 
  CO​2​ tank and regulator 
  Resistor (250 Ohms) 
  Resistor (4.7k Ohms) 
  Flowmeter  
  Solenoid valve (4) 
  DO sensor  
  Wiring 
  Plastic tubing 
  Tube connectors (y-connectors, etc.) 
  Incubator (Temperature Regulation)  
  Air/O​2​ pump 
  Temperature Probe 
 10.8.7. Failure Mode Effective Analysis 
  
Table 13. ​FMEA Matrix  
 
 
10.9. Appendix I: Piping and Instrumentation Diagram Specifications 
Table 14. ​Diagram Specifications for PNID 
 
Specification 
[Type #] 
 
Name of device/part Reference # Description 
Valve Spec #1 
Specialty Gas Regulator 
 
*(or equivalent gas 
regulator)*  
Zoro #​: G6968017 
Mfr #​: KH1019 
 
Series​: 402C 
Diaphragm Material​: Neoprene 
Body Material​: Chrome Plated Brass 
Gas Service​: Carbon Dioxide 
Body Diameter​: 2.125” 
Gauge Size​: 2” 
Overall Length​: 9-1/4” 
Inlet Connection​: CGA-320 
Outlet Connection​: ¼” Hose Barb 
Standards​: CGA E-4 
Supply Pressure Gauge​: 4000 psi 
Gauges Delivery Pressure​: 400 psi 
Max Inlet Pressure​: 3000 psi 
Regulator Capacity​: Heavy Duty 
Application​: General Purpose Lab 
Delivery​: 1200 scfh (AIR)  
 Supply Type​: Cylinder 
 
Valve Spec #2 
U.S. Solid Brand 
Solenoid Valve 
 
*(or equivalent 
solenoid valve)*  
ASIN​: B007N0DN3Q 
Model #:​ USS2-00005 
 
Flow Direction​: Unidirectional 
Threading​: ¼” female (NPT) connections 
Polarity: ​Normally Closed (N.C.) 
Voltage Rating​: 12VDC +-10% 
Power Rating​: 4.8 Watt 
Max Pressure Rating​: 101 psi (Gas) 
Flow Capacity​: 0.23 gallons/min 
Temp Range:​ -5 to 80 degrees C 
Body Material​: Nylon Plastic 
 
Tubing Spec #1 
Bev-A-Line B-5 IV 
Tubing 
 
*(or equivalent 
tubing)* 
ASIN:​ B00T97JVXM 
Model #: ​649012  
 
Working Pressure: ​72 psi 
Temp Range: ​-30 to 160 degrees F 
Inner Diameter:​ 1/8”  
Shell Material: ​Ethyl Vinyl Acetate 
Liner Material: ​Polyethylene  
Properties: ​Nontoxic, Non-hemolytic, 
Translucent, safe for most alcohols 
  
Sensor Spec #1 
Honeywell UDA2182 
Universal Dual Analyzer  
 
(No equivalence 
allowed)  
Model: ​UDA2182 
For full list of specifications, refer to 
the Honeywell UDA2182 Document 
provided in the link below: 
https://www.honeywellprocess.com 
/library/marketing/tech-specs/70- 
82-03-54.pdf 
Sensor Spec #2 
 
Atlas Scientific 
Dissolved Oxygen 
Probe 
 
(or equivalent DO 
sensor) 
Part #: ​ENV-40-DO 
 
Reads: ​Dissolved Oxygen 
Range: ​0-100 mg/L 
Accuracy:​ +/- 0.05 mg/L 
Connector: ​Male BNC 
Response Time:​ ~0.3 mg/L/per sec 
Max Pressure:​ 500 psi 
Max Depth:​ 343 meters 
Temp Range:​ 1-50 degrees C 
Cable Length:​ 1 meter 
Life Expectancy:​ 5 years + 
Submerge Time: ​Indefinite  
 
Controller Spec 
#1 
Arduino Nano  
 
(or equivalent 
microcontroller) 
N/A 
 
Microcontroller ATmega328 
Operating Voltage:​ 5V 
Input Voltage (recommended): ​7-12V 
Input Voltage (limits): ​6-20V 
Digital I/O pins: ​14  
Analog Input Pins: ​8 
DC Current per I/O pin: ​40mA 
Flash Memory: ​32 KB (2 KB used for 
bootloader) 
SRAM: ​2 KB 
EEPROM: ​1 KB 
 Clock Speed: ​16 MHz 
Dimensions: ​0.73” x 1.70” 
 
Temperature 
Regulator Spec 
#1 
Thermo Scientific 
Microprocessor 
Controlled Low 
Temperature 
Illuminated Incubator  
 
(or equivalent 
temperature regulator) 
Model #:​ 818 
Temperature: 
With illumination:  
+10 to 50 degrees C 
Without illumination:  
-10 to 50 degrees C 
Temperature Sensitivity:  
+-​0.2 degrees C 
Recovery time after opening door: 
10 minutes at 20 degrees C 
Electrical: 
50-60 Hz, 1 phase, 860 Watts 
Exterior Dimensions: 
32.0” W x 75.0” H x 29.0” L 
Interior Dimensions: 
26.5” W x 57.0” H x 20.0” L 
Weight: 
347 s. 
 
 
*If equivalent device is used, tubing size will need to be consistent for all parts/instruments*  
 
10.10. Appendix J: Dr. Bockmon’s Manual (see next page) 
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Control System 
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 Table of Contents 
1.0​        ​Background  
2.0​        ​Honeywell UDA2182 to Arduino 
3.0​        ​Sensor/ Probe Inclusion 
           3.1​         ​Dissolved Oxygen Atlas Scientific Probe 
           3.2​         ​Temperature Probe 
4.0​        ​Code 
           4.1      General Comments 
           4.2      pH 
           4.3      DO 
           4.4      Temperature 
5.0     Circuit 
           5.1      Diagram  
           5.2      Solenoid Actuation 
6.0​        ​Future Iterations and Advice 
 
  
 1. Background 
This manual is intended for use for Dr. Bockmon or any researcher who would use the control 
system built by the biomedical engineering senior design group from Winter/Spring 2019. 
 
The control system implements the use of carbon dioxide and nitrogen gas to affect both pH and 
the dissolved oxygen content. This is done using a microcontroller (Arduino) that reads an 
output from the Honeywell UDA2182 and converts the signal to a pH value. Additionally, the 
arduino also reads information from the Atlas Scientific DO sensor circuit as well as from the 
temperature probe. These readings are then used by the Arduino code to decide whether or not 
the relays on the relay board should actuate the solenoids to allow for the passage of gas. This 
then creates a feedback loop that controls pH and the dissolved oxygen content. 
 
2. Honeywell UDA2812 to Arduino 
The Honeywell UDA2182 is the interface where the user can view both pH and temperature. The 
probe that is reading the pH is a Durafet and is connected to the Honeywell. The Honeywell 
UDA2182 has the capability to send a current that ranges from 4mA- 20mA. This information 
was then used to help create our equation for the relationship between current and pH. 
Furthermore, knowing that the set points for the two tanks are 7.6 and 8.0, we created a range 
of pH to be read from 7.4-8.3 for the second probe within the Honeywell setup. The equation 
that was used to help convert the current value to a pH value can be seen in equations 2 and 3. 
A similar equation and ratio was used for the first pH probe range from 7.4-8.1. 
 
  4 (16)y =  + .9
x − 7.4  Equation 2 
  x =  17.778
y + 127.556  Equation 3 
 
From the above equation 1, y is the value of the current that is being sent from the Honeywell 
UDA2182. The value 4 is bottom of the range of current that is sent from the honeywell 
(necessary because the range does not begin at 0), the x value is the pH that is being read and 
7.4 is the bottom of the pH range that is set within the Honeywell. The value of .9 is the 
difference between the bottom of the range of the pH and the top of the range (8.3-7.4). Finally, 
for equation 1, the value of 16 is the difference between the top of the range of current and the 
bottom.  Equation 2, is simply just equation 1 rearranged to solve for pH based off a certain 
current for the conversion needed within the Arduino code.  
 
Lastly, the Honeywell is connected to the Arduino through wiring from the Honeywell on the 
output pin 13 (pH of 7.6) and 10 (pH of 8.0)for the data wire and output pin 12 (pH of 7.6) and 
11 (pH of 8.0) for a connection to ground to the Arduino on pins A3 and A4 (7.6, 8.1, 
respectively) for the input and GND for ground. Note that currently with the added Durafet 
probe and the second output set up, the Honeywell is unable to send a current that is correctly 
proportional to the pH value calibrated with the above equations. Further research and 
 troubleshooting will need to occur in order to determine the cause and a potential solution. 
Later within the code, a variable name needs to be created for pH.  
 
3. Sensor/ Probe Inclusion 
3.1. Dissolved Oxygen Atlas Scientific Sensor/ Probe 
In order to include the DO sensor and probe with the Arduino, first additional serial  
communication must be added through downloading the library SoftwareSerial.h, which  
can easily be found within the arduino database. Next, the pins for rx and tx must be  
defined for each tank. For the tank with a set point of 7.6, rx is pin 5 and tx is pin 4, and  
for the tank with a set point of 8.1, rx is pin 8 and tx is pin 9. Additionally, a floating 
point  
variable (a number where the decimal can change) needs to be created for DO.  
 
3.2. Temperature Probe 
The temperature probe is the most simple aspect of the system to implement. Two 
libraries, OneWire.h and DallasTemperature.h, need to be downloaded and added to 
the code. Also, within the code, the lines for setting up communication with any 
onewire device as well as filtering the communication to only a Dallas Temperature 
probe need to be included. Lastly, variables need to be created for the readings of 
temperature to be stored. Both of the probes are wired through one connection to the 
circuit. This is decoded by the libraries included. The best way to tell which temperature 
probe is which is to change the temperature on one of the probes and watch the 
outputs.  
 
4. Code 
4.1. Arduino 
We utilized an Arduino Nano to implement the code for this project. There are 
several different models of arduinos, and any model should work for this 
application. You simply need to change the board, processor and com port 
before uploading. You also need to align the pins in the code with the pins on 
the arduino. The pins control the in/outputs of the arduino. They are listed in 
the code setup, under “void Setup {“ section. They are also used in the sections 
to read from the Honeywell, and to actuate the solenoids.  
 
 To change the settings for a new board, select the board, bootloader and com 
port from the drop down menu under “Tools”.
 
You should select the name of the board which you are using, the processor we 
used was the old bootloader. This is a good thing to check for if your program 
will not upload. Finally select the port you are plugged into. The easiest way to 
find this is by opening this menu with the arduino unplugged, then plugging it in 
and choosing the new option.  
4.2. General Comments  
4.2.1. Comments 
There are comments throughout the code. They appear in grey text and are 
preceded by two slashes ( // ). These comments are included to help you read 
the code and understand what the sections do. 
 
 
This is the menu at the top of the arduino program when you open a script. 
From left to right, the buttons are: verify, upload, new, open, save, serial 
monitor. The serial monitor is a new window which opens when you press the 
button. This window will show you what values the arduino is reading every 5 
seconds as well as important start up information, specifically for that of the SD 
card initialization.  
 
4.2.2. Versions  
There are two different versions of the code. First the CO​2​ only version and then 
the full version which is able to control both CO​2  ​and N​2​. You can upload these 
different versions through the Arduino program on the computer. You simply 
have to open the code you need to use, and click the upload button in the top 
left corner (looks like an arrow.) 
  
4.2.3. SD Card Data Log  
There is an SD card shield included in the hardware. The shield houses a micro  
SD card which stores the DO, pH and temperature data from the tanks. In order  
to create a new file on the card, you simply need to change the name of the file  
you’re writing to in the code. The easiest way to do this is by using the find and  
replace function. First, use CNTRL+F. Type in the last file name used, (ex. We  
used the date for our tests, the last used file name will start with june. Type in  
“june3”). In the “replace with” slot, type in the new file name. It must be short,  
about 6 characters. Finally, search one last thing, the capitalized month and date  
(ex. June 3) and replace with the date of the test being run. This will appear at  
the top of the text file created. You MUST reupload the code for the new  
document to be used. If you remove the card, you must reupload the code for it  
to continue data logging. You will know that the card is working because the  
serial monitor (top right hand corner of the arduino code program) will say that  
it has initialized the card and your file exists and that it is successfully writing to  
the file.  
 
4.3. pH  
The section concerning pH has a comment above it “//CO2” and two different nested  
loop parts, one for each tank. You can modify the setpoints here. The first if statement  
should be .3 above the desired set point, the next should be .1, then .04 and finally .01.  
The image below has a set point of 7.61. 
  
 
4.4. DO 
Dissolved oxygen has a similar setup to the pH portion. It is below the pH portion and 
you can modify it in a similar manner.  
  
4.5. Temperature 
The temperature probes we are using use the dallas temperature and onewire libraries 
initialized at the beginning. These libraries allow us to use special functions to find, and 
read the values from the probe. They have an error range of .5 and therefore are not 
the most accurate, but we are using some clauses in the code to minimize the error.  
 
5. Circuit  
5.1. Diagram  
5.1.1. Breadboard  
If you are not familiar with how breadboards work I highly suggest you do a 
google search to understand the following diagram. This is how the circuit 
should look inside the case. The arduino is plugged in using a mini usb cable to 
the computer. NOTICE: all resistors on the board are 4.7k Ohms with the 
exception of the resistors between the Honeywell inputs and ground which are 
249 Ohm. 
 
5.1.2. Schematic  
 Below is an electronic schematic for the circuit. 
 
 
5.2. Solenoid Actuation 
5.2.1. Solenoids 
The solenoids are 12V Normally Closed Solenoid Valves for air or water. If you 
need to replace them it is important that they are the same form. Solenoids are 
electronically controlled valves which open when current is applied. They are 
powered by an external 12V source.  
5.2.2. The Source 
The solenoids are powered by an AC to DC converter which plugs into the power 
strip and turns the AC wall power to 12V DC. This is a simple device which can 
easily be purchased from amazon or other suppliers.  
5.2.3. Relay Breakout Board  
The relay breakout board allows us to control the 12V solenoids using the 
Arduino’s 5V output. A relay is, simply put, a switch. The relay board itself has to 
be powered by the Arduino 5V pin and grounded to the circuit ground. It is then 
connected to the output pins (6, 7, 8, 9) which control the four relay switches. 
When a “HIGH” signal (5V) is output by the pin, it closes the associated relay 
(pin 6 = relay 1, pin 7 = relay 2 and so on) which connects the 12V source to the 
power line of the solenoid. Supplying 12V to the solenoid opens the valve.  
5.2.4. Wiring the Solenoids and 12V Source  
Each solenoid’s power line (white wire) is wired in to its associated relay on the 
far right pin (NO = normally open). Pin 6 is relay 1 which controls the carbon 
dioxide for tank 1. Pin 7 is relay 2 which controls the nitrogen for tank 1. Pin 8 is 
relay 3 which controls the carbon dioxide for tank 2. Pin 9 is relay 4 which 
controls the nitrogen for tank 2. The 12V source connection power wire (light 
green) is split into 4 wires and wired to the central pin on every relay (COM pin). 
The ground wires (black wire) of every solenoid is connected to the ground wire 
of the 12V source connection (dark green).  
 
 
 6. Future Iterations and Advice 
For future iterations of this project, we recommend looking into the PID control within the  
Honeywell. PID controllers use a control feedback loop mechanism to actuate different outputs  
and may be an even more efficient way to control the pH and DO of the system. Furthermore,  
the temperature probes that are being used only have a tolerance that is +/- .5℃, which for a  
system that needs temperature to the tenth and maybe even the hundredths place, this is not  
sufficient. A thermistor or thermocouple that can be paired with the arduino may be a way to 
go.  
 
 
 
 
